Reaction-sintered b-SiC specimens were neutron-irradiated in fast breeder reactors to fluences from 3.0 x 1024 to 1.7 x 10" n/m2 (E>0. Silicon carbide (SiC) is counted among promising materials for use in the components of fusion reactors first-wall, on account of the many attractive properties presented by this compound, including high strength at elevated temperatures, good thermal conductivity, low induced radioactivity and low plasma impurity contamination by low-Z elements (1) .
The effect of neutron irradiation on SiC has been the subject of a number of reports (2) ing-or growth-of the macroscopic dimension is accompanied by a similar swelling of the lattice parameter (7) . The swelled macroscopic dimension and lattice parameter recover toward their original values possessed prior to irradiation, when the irradiated SiC is annealed. Upon isochronal annealing for 1 h, recovery shrinkage starts around the irradiation temperature and progresses roughly linearly with increasing temperature until it is completed at around 1,400dc. This approximate correspondence of temperature between that of annealing shrinkage onset and that of irradiation, which characterizes the behavior of SiC, is utilized for passive temperature monitoring in irradiation experiments,(4)(5)(8) (9) .
The basic mechanism of the irradiation -induced swelling of SiC is the generation of an equal number of interstitials (I) and vacancies (V). Most of these defects are annihilated through V-I recombination and a part of those that remain aggregate into point defect clusters and dislocation loops during the irradiation. What would still remain after irradiation to fluences not exceeding 5x1025 n/m2 are considered to consist mainly of Frenkel defects and/or small clusters of interstitials(10).
Upon irradiation to higher fluences (say above 1026 n/m2), swelling of the macroscopic dimension becomes greater than that of the lattice parameter, accompanied by marked broadening of the X-ray line profile(10). In a previous work, the present authors have suggested that the swelled macroscopic dimension should show a similar behavior of recovery, whether following high or low fluence irradiation(5) (11) . No data are available on changes in the lattice parameter of highly irradiated SiC during annealing, due to the difficulty of determining X-ray profiles affected by appreciable broadening.
The present paper covers measurements made on the swelling of both macroscopic dimension and lattice parameter occurring in SiC upon high neutron irradiation up to 1.7x 1027 n/m2, and on the subsequent recovery of the swelled values upon post-irradiation annealing. The changes observed in X-ray line broadening are also quantitatively observed. 
II.EXPERIMENTAL PROCEDURE
The specimens used were reaction-sintered n-SiC rods, 10~15 mm in length and 2~3 mm in diameter, of around 80 % theoretical density. No evidence of excess silicon or carbon was revealed by X-ray diffractometry.
The specimens were neutron-irradiated in the fast breeder reactors "JOYO", "Phenix" and "Rapsodie" to neutron fluences from 3.0 x 10" to 1.7 x 10" n/m2 (E>0.1 MeV), at temperatures from 370 to 620dc. After irradiation, each specimen was cut into two pieces one each for macroscopic dimension measurement and for X-ray measurement.
The macroscopic dimension of the rods was measured using a regular point-type micrometer. The accuracy of measurement was about 1 pm. X-ray diffraction measurements were made with a Philips PW-1700 diffractometer using copper Ka radiation, to obtain the traces of (400), (331), (420), (422) and (333)/ (511) reflections. The profiles were corrected for the a1-a2 doublet.
Silicon was used as internal standard for correcting the diffraction angle.
At fluences above 4.8x 1022 n/m2, all the reflections were affected by considerable broadening, which made it difficult to determine the lattice parameters precisely. For this reason, the profiles were corrected to account for Lorentz-polarization effects and for the a1-a2 doublet. On a profile thus corrected, the positions of its peak was estimated by fitting the Gaussian function to the top part of the profile and measuring its centroid.
The specimens were vacuum-annealed for 1 h at temperatures between 100 and 1,800dc. The annealing furnace was loaded with both halves of specimens from the same batchthe rods for macroscopic dimension measurements and the other halves for X-ray measurement, which were ground into powder and mounted on SiO2 glass holder. Annealing of It is known that macroscopic dimension and lattice parameter are changed to equal extent by single point defects and small point defect clusters, (14) . This would suggest the presence of such isolated defects in the specimens irradiated to lower fluences not exceeding 1.5x 1026 n/m2, where fairly good correspondence was noted above between the changes in macroscopic dimension and in lattice parameter.
A similar behavior was * Irradiation -induced changes in macroscopic dimension : Derived on the assumption that the recovery was completed upon 1 h annealing at 1,400dc. It has been reported that, with specimens irradiated to fluences below 1025 n/m2, full recovery of irradiation-induced defects is obtained upon annealing at 1,300~1,400dc(7)(10).
When irradiated to higher fluences, the specimens may retain some stable defects after annealing at 1,400dc. In such cases, the swelling of macroscopic dimension may actually be larger than estimated. Table 1 Changes observed in macroscopic dimension, lattice parameter and X-ray line broadening of irradiated SiC observed also in a previous study, at fluences below 5 x 1025 n/m2 (7)(10). Transmission electron microscopic observation on the present specimens irradiated below 1.0x 1026 n/m2(13) revealed no definite presence of dislocation loops, whereas small 'black dot' defects not exceeding 2~3 nm have been observed by Price in specimens irradiated to around 1x 1025 n/m2 (15) . This discrepancy in the observed state of specimen between the two studies can be attributed to difference in the irradiation temperature, which was higher in the case of Price's specimens.
Specimens irradiated to fluences above 4.8x 1026 n/m2, noted earlier in this chapter to be characterized by X-ray line broadening and by marked difference in growth between the macroscopic dimension and lattice parameter, have previously been found to contain relatively large interstitial dislocation loops of sizes up to 10~30nm(12) (13) Lattice growth g, is made up of the terms S nCndn, where cR and do are respectively the concentration of the n-th type of defects and the fractional change in atomic volume associated with them. Some defects (e.g. interstitials) give rise to lattice expansion, whereas others (e.g. vacancies) cause lattice contraction. In what follows, it is assumed for the sake of example that the relevant defects consist of single interstitials and single vacancies, and that, after neutron irradiation, c,,c,,
(subscripts i and v indicate the contributions of interstitials and vacancies, respectively). Further, the data from specimens irradiated to the lowest fluence-believed to contain solely single vacancies and single interstitials-show gi>0, so that d,>cly. As already mentioned, gi=gm (gm: growth in macroscopic dimension) from theoretical consideration (14) . This is the case where the irradiation fluence is below 1.5x 1026 n/m2. With increasing fluence, interstitials condense into interstitial loops, to lower c, in comparison with cv. Hence, in contrast to the case of ci=cv, the lattice parameter diminishes, to result in gi<gm The X-ray line broadening is probably related to the presence of dense interstitial loops, but further study is required for deriving a conclusive judgment.
Mechanism of Irradiation Effect Recovery
by Thermal Annealing
( 1 ) Specimens Irradiated to Fluences below 1.5x 1026 n/m2 Upon annealing the specimen irradiated to 3.0x 1024 n/m2 at various temperatures, the swelled macroscopic dimension and lattice parameter recovered hand in hand, as plotted in Fig. 2 against annealing temperature. The plots reveal that the recovery commenced in the vicinity of the irradiation temperature of 470dc (see Table 1 ) and continued to progress linearly with increasing annealing temperature up to around 1,400dc, by which time the values of residual swelling percentage had almost completely regained their pre-irradiation level.
The specimen irradiated to 1.5x 1026 n/m2
proved to behave in much the same manner, showing similarly good agreement of residual swelling percentage between macroscopic dimension and lattice parameter.
The corresponding plots of the FWHM of X-ray line profile are presented in Fig. 3 Fig. 3 to have recovered almost to its pre-irradiation level.
From the same specimen as above, the residual percentage changes of macroscopic dimension and lattice parameter are plotted in Fig. 6 against annealing temperature.
As in the case of the specimen irradiated to 3.0 x1024 n/m2 described in the preceding section, recovery of the two values is seen to have commenced in the vicinity of the irradiation temperature (480dc), to progress linearly with increasing annealing temperature. Up to around 1,200dc, the plots for macroscopic dimension and for lattice parameter are seen to maintain a constant difference between A particularity to be noted in Fig. 6 The plots of The particular recovery behavior of the lattice parameter noted in Fig. 6 -to fall below pre-irradiation level in a certain range of annealing temperature-can be explained as follows.
In specimens irradiated to fluences above 4.8x 1026 n/m2, dense interstitial dislocation loops are generated, which would bring about a situation where ci<cn in as-irradiated condi- It has been reported that SiC became amorphous when irradiated to fluences above 1026 n/m2 (19) , and hence unsuitable for lattice parameter determination, so that, for temperature monitoring in high-fluence irradiation experiments, it should be preferable to adopt macroscopic dimension measurement.
The results obtained in the present study indicate, however, that even with specimens irradiated to 1.7 x1027 n/m2, recovery of the swelled lattice parameter actually commences at the irradiation temperature, and continues roughly linearly with increasing annealing temperature up to 1,000dc at least. It can thus be suggested that the X-ray method should be applicable to determining the irradiation temperatures of highly irradiated specimens up to 1.7 x1027 n/m2 at temperatures up to say 500dc, provided that the lattice parameter is measured with adequate accuracy.
IV. CONCLUSION
Reaction-sintered b-SiC specimens were neutron-irradiated in fast breeder reactors at temperatures from 370 to 620dc to fluences from 3.0 x 1024 to 1.7 x 1027 n/m2 (E>0.1 MeV). The changes brought by the irradiation and by subsequent annealing at various temperatures were observed in respect of macroscopic dimension, lattice parameter and X-ray line broadening, and the results are discussed in terms of microstructural changes. The results obtained from this study can be summarized as follows :
(1) Irradiation to fluences below 1.5x1026 n/m2 brought about swelling of macroscopic dimension and of lattice parameter to roughly equal extent, whereas with fluences above 4.8 x1026 n/m2, a significantly larger swelling was seen of the macroscopic dimension than of the lattice parameter, and this was accompanied by conspicuous flattening and broadening of the X-ray line profiles.
(2) Upon annealing of specimens irradiated beyond 4.8x1026 n/m2, the macroscopic dimension and lattice parameter -swelled 
